Abstract. Recently, a lot of effort has been put into estimating possible near-future changes (say, 10-100 years) in the Earth's abiotic system, especially changes induced by human activities. One of the most studied issues is the effect of greenhouse gases on global warming and the corresponding change in sea-level around the world due to the associated deglaciation. On a longer time-scale (>100 years), however, such climatic changes will affect the gravity field, location of the geocentre, and the Earth's rotation vector. In this study, the University of Victoria's (Canada) coupled Earth System Climate Model of intermediate complexity was implemented. The model was used to predict changes in global precipitation, ocean mass redistribution, and seawater salinity and temperature on timescales from hundreds to thousands years under two different greenhouse-warming scenarios. In future, the projected changes will be assimilated into an existing Synthetic Earth Gravity Model to determine the corresponding changes to the location of the geocentre, the Earth's rotation vector, and the geoid.
Introduction
Multiple studies of greenhouse-gas effects on the Earth system, considered as an integral system of abiotic and biotic components, have recently been undertaken (e.g., Brovkin et al. 1997; Gallee et al. 1992; Joos et al. 1999; Prinn et al. 1999 ; among many others). It is due to the widely acknowledged assertion that the Earth's atmospheric temperature is increasing (eg. Houghton et al. 2001) , thus causing a number of after-effects, including melting of the previously ice-covered areas (i.e., deglaciation). The latter, together with an increased ocean water temperature, is alleged to cause the phenomenon commonly termed "sea-level rise".
However, sea-level will not necessarily rise in all parts of the globe, and may even fall in some. This was demonstrated in historical changes in sea-level dating back to the last Ice Age (e.g.. Kaufmann 2002; Donato et al. 2000; Feng and Hager 1999) , including studies around Australia (e.g., Chappell 1983; Lambeck and Nakada 1990; Milne and Mitrovica 1998) . Apart from thermal expansion of the oceans (eustatic rise), there also is a redistribution of mass due to: movement of generally cold and denser fresh water from ice-covered regions to the oceans; changes in the ocean circulation due to the changes in the temperature pattern in the oceans; and isostatic rebound/depression due to surface un/loading. Together, these cause the Earth's centre of gravity (geocentre) and orientation of the spin axis to change (e.g., Gasperani et al. 1986; James and Irvins 1997; Mitrovica et al. 2001) .
Importantly, the above redistribution of mass alters the Earth's gravitational field and hence the geoid (e.g., Tamisiea et al. 2001 ). Since mean sealevel mirrors the geoid (i.e., the flow of water is driven by gravity), the result is that sea-level, though increasing in volume due to the higher temperature, will rise and fall by different amounts in different regions, due to the associated changes in the geocentre, spin axis and geoid. The present study deals with future projections of the geoid by way of climate change based on two different greenhouse-warming scenarios: 2.5% and 1% increase of the initial concentration of Carbon Dioxide (CO 2 ) per annum. A brief description of the global ocean circulation model (GOCM) used in this study (Section 2) might provide some useful information for an interested reader. Section 3 presents the scenarios considered. The results obtained and following discussion are given in Section 4. Section 5 contains some concluding remarks.
The Model Employed
The Earth-system model used in this study was the Earth System Climate Model from the University of Victoria, Canada, (UVic ESCM), which is of intermediate complexity ) and couples the atmosphere-ocean-ice processes. The models of intermediate complexity fill the gap between inductive (conceptual) and quasi-deductive (comprehensive) global climate models (Claussen 2002) , thus allowing less detailed -though still highly realistic -multiple projections over long time intervals. The UVic ESCM numerically represents the primary thermodynamic and hydrological components of the Earth' s climate system in a spherical grid with latitudinal resolution of 3.6 o and longitudinal resolution of 1.8 o (i.e., 100 by 100 grid nodes). In UVic ESCM, the surface balances and feedbacks of heat, freshwater and momentum of motion are represented using Fanning and Weaver' s (1996) diffusive energy-moisture balance atmospheric model. The Modular Ocean Model (Pacanowski 1996) simulates general ocean circulation using primitive equations of motion. The thermodynamics and elastic-viscous plastic dynamics of sea-ice are represented by models with different levels of complexity (e.g., Semtner 1976; Bitz et al. 2001; Holland et al. 2001) , which allow estimation of the properties of sea-ice and variations in ice-cover distribution by employing some parameterizations and the momentum balance equations.
The UVic ESCM provides a reliable basis for our long-term (~2,000 years) experiments to simulate present-day and last glacial maximum climates ) with outcomes for a number of oceanographic and atmospheric parameters. In our case, the parameters of interest include surface air temperature (SAT; measured/modelled at ~1.5m above the ground surface), sea-ice and snow volumes averaged globally, as well as global patterns of precipitation, seawater salinity and potential temperature (temperature of a parcel of water at the sea surface after it has been raised adiabatically -in an insulated container so it does not exchange heat with its surroundings -from some depth in the ocean), and surface pressure in a column of water Pacanowski 1996) due to the rigid-lid approximation. These parameters are of primary importance in the estimation of sea-level and water mass changes.
Scenarios Used
In the first series of experiments, the ESCM was run until annually averaged surface fluxes became close to zero, thus indicating stabilisation of the system' s conditions. This typically takes 2000 years of integration. After such a run, the model output was verified versus present-day climatology. It is claimed ) that the output is in good agreement with present-day observations. The model' s equilibrium state then served a starting point for further numerical experiments under different scenarios of CO 2 increase. In order to estimate the time-scale of sea-ice and snow/glacier melting, the linear option for CO 2 increase was used. The rate of the concentration change was 9.00 and 3.65 ppm/year (2.5% and 1% of the initial concentration, respectively) (Fig. 1) . The latter linear rate of increase was adopted in the Intergovernmental Panel on Climate Change studies (IPCC 2001), while two and three times higher concentrations were studied by, e.g., Hoyme and Zielke (2001) . The linear increase of the greenhouse gas concentration in this study resulted in a non-linear change of the SAT (Fig. 2) , which is attributed to the radiative properties of the Earth' s atmosphere. First, the atmospheric radiance budget is significantly imbalanced with the fast long-wave irradiance accumulation coming from the Earth surface. Then later on, the balance tends to be restored with the increase of the irradiance from the atmosphere to the open space.
Results Obtained and Discussion
The results of both experiments are similar, with the only significant difference present in the time-scales of the projected changes (Fig. 3) . It is clear that the experiment with the 1% CO 2 increase rate takes much longer (about 40%) to reach the same degree of sea-ice and snow melting than the model run with 2.5% increase. Therefore, as an equivalent illustrative example, the projection under the 2.5% rate of CO 2 increase will be presented and discussed here. This experiment was carried out for a period of 2100 years, from year 2000 to year 4100. By 4100, more than half of the initial snow volume has permanently melted (Fig. 4) . After that, the value fluctuates around this level insignificantly. In the ESCM model, snow forms when precipitation falls in the areas with the SAT is ≤ -5 o C. Such conditions persist over Antarctic regions (Fig. 3) where snow still accumulates. Meanwhile, the sea-ice has melted almost completely (Fig. 4) , with some insignificant masses persisting to form in polar regions during the winter periods.
With the general increase in atmospheric temperature, precipitation increases, leading to overall positive differences (Fig. 5) . Following the pattern of precipitation (Fig. 5) and due to the melting of sea-ice in polar regions, both providing fresh-water influx into the oceans, the differences in water salinity between the years 4100 and 2000 are generally negative (i.e., lower salinity) with the lowest values in polar regions (Fig. 6) . The processes of snow and sea-ice melting also define the redistribution of water temperature in the oceans (Fig. 7) , with absolute minima around the Antarctic exhibiting a lower rate of surface water temperature growth compared to subtropical and equatorial regions. All these factors lead to negative differences in the values of surface water pressure (Fig. 8) , thus meaning a decrease of sea-level in these areas. Meanwhile, the spatial distribution of positive differences in water salinity and temperature between years 4100 and 2000 generally coincide with the distribution of higher values of water pressure near southern Africa in the Indian Ocean and between Australia and South America in the Pacific.
A rough estimate of the sea-level change can be derived from the water pressure change as ¨H= ¨P/cm 2 w g (where ¨ LV WKH GLIIHUHQFH RI FRUUe-VSRQGLQJ SDUDPHWHUV w is the mean sea water density, g is the gravitational acceleration), which demonstrates the same tendencies (Fig. 9) . It is clear that the melt-water from the polar ice shields does not distribute uniformly over the oceans. For instance, Australia undergoes an increase in sea-level to its north and a decrease to its south under this scenario.
Such sea-level redistribution will clearly affect the system Earth (e.g., the gravity field, location of the geocentre, and the Earth' s spin axis). The assessment of these effects can only be carried out after the separation of the steric effect from mass changes influencing the general sea-level change. In our further research, the available vertical profiles of water salinity, potential temperature and pressure will be used to perform this separation. Meanwhile, more detailed analysis and coarse quantification of possible sea-level changes form the scope of the present contribution. 
Summary and Future Work
In this study, the coupled Earth System Climate Model from University of Victoria, Canada (UVic ESCM) of intermediate complexity was implemented to obtain long-term projections of global climate change and ocean mass redistribution. Two continuous numerical experiments were conducted, but only the greenhouse-warming scenario with a 2.5% per year rate of CO 2 increase was presented here. The results demonstrated that the UVic ESCM reflects the general physical tendencies in the change of oceanic parameters, thus providing a basis for the later application to the Synthetic Gravity Model under refinement at Curtin University of Technology (Kuhn and Featherstone 2004) . The inclusion of a continental ice model coupled with the UVic ESCM, which will take place in the near future, will allow a deeper insight into the future climate changes, and a better-based analysis of such projections. These will allow for a fuller evaluation of the expected changes to the geocentre, the Earth' s rotation vector, and thence the geoid.
